transporter located on the basolateral membrane of renal epithelial cells (12) , which plays a pivotal role in the extracellular fluid volume adjustment (9, 23 ). An elevated Na ϩ :K ϩ stoichiometry of this enzyme could be sufficient to maintain an augmented transcellular salt and fluid transport via a membrane hyperpolarization and an activation of electrogenic ion carriers (16) . In addition to its implication in the kidney function, it was also suggested that an inhibition of the ␣ 1 -Na-KATPase by endogenous ouabain or ouabain-like factors could maintain the elevated vascular smooth muscle tone and peripheral resistance (1) .
The role of the ␣ 1 -Na-K-ATPase in genetic hypertension of the S rat remains controversial. Herrera and Ruiz-Opazo (13) sequenced cDNA clones from kidney libraries and found an adenine (A) to thymidine (T) transversion at the nucleotide 1079 in the Atp1a1 coding region of the S rat compared with the Dahl saltresistant rat (R). This mutation led to the G276L substitution in the enzyme. However, Kurtz and coworkers (21) could not reproduce this result. Later on, Ruiz-Opazo and coworkers (20) argued that the negative result obtained by Kurtz and coworkers might be caused by a consistent Tag PCR error that selectively substituted A to T-1079. Subsequently, Herrera and coworkers (14) developed transgenic S rats bearing the ␣ 1 -Na-K-ATPase cDNAs from the R rat. These rats exhibited smaller salt-sensitive hypertension. In the same study, they also found a linkage between the alleles of the Atp1a1 locus and BP variations in an F 2 (S ϫ R) population. In contrary, Rapp and Dene (19) detected no such linkage while studying another independently derived F 2 (S ϫ R) population. Zicha and coworkers (28) found no linkage between Atp1a1 polymorphisms and BP in an F 2 (S ϫ R) population, although BP of these F 2 hybrids correlated positively with ouabain-sensitive Na ϩ extrusion and Na ϩ content in their erythrocytes. Recently, Harris and coworkers (11) carried out a site-directed mutagenesis to artificially introduce a mutation of the A-to-T base change in the Atp1a1 coding region. They found that the S rat does not have the mutation at all compared with the positive control that does (11) . Therefore, the mutation detected by Herrera and coworkers (13) remains to be duplicated by other investigators.
Conflicting results were also obtained in the studies of the ␣ 1 -Na-K-ATPase activity in salt-sensitive hypertension. No systematic differences in the rate of ouabain-sensitive Na ϩ and K ϩ fluxes were observed by Article published online before print. See web site for date of publication (http://physiolgenomics.physiology.org). Zicha and Duhm (27) while comparing the erythrocytes from S and R rats fed on the low-salt diet. A high-salt diet led to a rise in the ouabain-sensitive Na ϩ and K ϩ fluxes in S rats only (26) . In the Xenopus laevis oocyte expression system, cells carrying the total RNA from the S kidneys or cDNAs derived from the in vitro transcribed Atp1a1-mRNA from S exhibited a decreased ouabain-sensitive 86 Rb influx and non-altered ouabain-sensitive 22 Na efflux compared with R rats (13) . The same differences in the ouabain-sensitive ion fluxes in erythrocytes were observed comparing the S and R rats (2) . Based on these results, Herrera et al. (14) speculated that G276L substitution could lead to an elevated stoichiometry of the ␣ 1 -Na-K-ATPase (3Na ϩ :1K ϩ in S vs. 3Na ϩ :2K ϩ in R). Regardless of the controversy over the base difference between S and R, Atp1a1 was a candidate for a BP QTL potentially determining an allelic difference between S and MNS, because a substitution of the S chromosome region containing Atp1a1 by that of the MNS lowered BP (4). To further examine the candidacy of Atp1a1, we constructed two congenic strains, each by replacing a fragment of the S chromosome by that of MNS (8) . The obvious difference between them is one congenic strain is homozygous SS, whereas the other is homozygous MM, at the Atp1a1 locus. We then compared the effect of the salt diet on BP and the activity of the erythrocyte Na/K pump in these congenic strains with those of the S strain. Since the ␣ 1 -Na-K-ATPase is the only isoform expressed in mammalian erythrocytes (10, 18) we used these cells to examine the effect of the Atp1a1 substitution on the ␣ 1 -Na-K-ATPase activity and its stoichiometry. Other cell types such as vascular muscle cells would have other isoforms of the Na-KATPase in addition to the ␣ 1 -isoform (15) .
METHODS
Animal studies. The animals used, breeding scheme for generating congenic strains, and their BP measurements were the same as published previously (8) . The congenic strains made and the chromosome regions involved are outlined in Fig. 1 . For BP studies, the mating pairs of the S and congenic strains to be studied were bred simultaneously. Male rats were weaned at 21 days of age, maintained on a low-salt diet (0.2% NaCl, Harlan Teklad 7034), and then fed a high-salt diet (2% NaCl, Harlan Teklad 94217) starting from 35 days of age until the end of the experiment. The age of the animals at death was 14 wk from the date of birth. The protocols for handling as well as maintaining animals were approved by our institutional animal committee. All the (8) . S, the Dahl saltsensitive strain; n ϭ 11, 5, and 7 for S, S.M5, and S.M6, respectively. The chromosome markers are SS for S.M6, but MM homozygous for S.M5 at Atp1a1 and flanking markers Hsd3b, D2Got121, D2Rat47, and D2Mit14 (4, 5) . All the other markers not in the region indicated by the solid bar are SS in both S.M5 and S.M6. The marker for Atp1a1 is for the 5Ј-untranslated region (4, 5) . Bottom: mean arterial pressure (MAP) values were 183.0 Ϯ 5.7, 135.7 Ϯ 5.5, and 126.4 Ϯ 3.7 mmHg for S, S.M5, and S.M6, respectively.
procedures for the experiment were in accordance with the guidelines of local, provincial, and federal regulations.
Na/K pump activity and stoichiometry. Blood samples, 5-10 ml, were collected from the heart in a syringe rinsed with 150 mM NaCl containing ϳ20 U of heparin per ml of blood and stored on ice no more than 2 h before the ion flux measurement. Then, samples were centrifuged (ϳ1,000 g, 10 min), plasma and white cells were aspirated, and erythrocytes were washed twice with 5 ml of medium A containing 150 mM NaCl and 10 mM HEPES-Tris (pH 7.4, room temperature). Packed erythrocytes, 50 l, were taken out and mixed with 1 ml of medium B containing 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2, 1 mM CaCl2, 2.5 mM NaH2PO4, 10 mM glucose, and 20 mM HEPES-Tris (pH 7.4, 37°C). The erythrocytes were centrifuged, and the supernatant was aspirated. For influx studies, 0.2 ml of medium B without radioactivity was added to the cells; but to the efflux studies, cells were mixed with 0.2 ml medium B containing 4 Ci/ml 22 Na or 0.5 Ci of 86 Rb. To study the isotope influx rate, after 3 h of preincubation, the cells were centrifuged, and the supernatant was aspirated. Then, 0.2 ml of medium B containing 4 Ci/ml 22 Na or 0.5 Ci/ml of 86 Rb with or without ouabain was added. It is well-documented that the ␣1-isoform of Na-K-ATPase from rodents possesses an extremely low affinity for ouabain compared with other species (24) . Indeed, in preliminary experiments, we found that an elevation in the ouabain concentration from 2.5 to 10 mM increased the ouabain-sensitive 86 Rb influx by 10-15% (data not shown). However, because of possible side effects of ouabain in a high concentration on the membrane integrity and on ion transporters other than the Na/K pump (see below), 2.5 mM ouabain was used in our study. In the absence of ouabain, the kinetics of isotope influx and efflux is linear up to 20-30 min (data not shown). Based on these results, the incubation time was limited to 15 min, and the isotope uptake was terminated by an addition of 1 ml ice-cold medium C containing 100 mM MgCl2 and 10 mM HEPES-Tris buffer (pH 7.4). The erythrocytes were centrifuged, washed twice with the ice-cold medium C, and lysed by a mixture of 0.5 ml of 0.5% Triton X-100 and 0.5 ml of 10% trichloroacetic acid (TCA). These samples were centrifuged (2,000 g, 10 min), and the protein-free lysate was transferred into 10 ml of scintillation cocktail.
To measure the isotope efflux, 50 l of cells preincubated during 5 h in 0.2 ml of medium B containing 22 Na or 86 Rb were mixed with 1 ml of ice-cold medium B, centrifuged, and washed twice with the same ice-cold medium. Then, 1 ml of medium B with or without 2.5 mM ouabain was then added. After an incubation of 15 min at 37°C, these samples were centrifuged, and 0.8 ml of the supernatant was measured for radioactivity with a liquid scintillation analyzer (model TR-1600; Canberra-Packard Canada, Mississauga, Ontario, Canada).
To measure the total content of the intracellular Na ϩ and K ϩ , after 3 h of incubation in medium B, erythrocytes were sedimented, washed three times with ice-cold medium C, and lysed by Triton-TCA as indicated above. Aliquots of the protein-free supernatant were diluted with water and subjected to flame photometry (Flapho-4, Carl Zeiss, Germany).
The stoichiometry of the Na/K pump (S) was calculated as
Ϫ1 , where VOSNaE and VOSKI are values of ouabain-sensitive (subscript "OS") components of Na ϩ efflux (efflux indicated by subscript "E") and of K ϩ influx (influx indicated by subscript "I"), respectively. These parameters were also used as a measure of the Na/K pump activity. VOSNaI and VOSKE are values of ouabain-sensitive components of Na ϩ influx and K ϩ efflux, respectively; these values were used to evaluate the Na ϩ / Na ϩ (VOSNaI) and K ϩ /K ϩ (VOSKE) mode of operation of the Na/K pump (7). To determine V OSNaI and VOSKI, the rate of K ϩ ( 86 Rb) and Na ϩ ( 22 Na) influx in the absence and presence of ouabain was measured and calculated as V ϭ A ϫ (amt) Ϫ1 , where A is the radioactivity of cell lysate (in cpm), a is the specific radioactivity of 86 Rb or 22 Na in the incubation medium (in cpm/nmol), m is the content of erythrocytes in the samples (in liters), and t is the time of incubation (0.25 h).
The calculation of absolute values for the rate of isotope efflux is complicated because of a lack of information on the content of intracellular exchangeable K ϩ and Na ϩ , which makes it difficult to determine the values of the intracellular specific radioactivity of 86 Rb and 22 Na. To overcome this problem, we assumed that under steady-state conditions the total values of inward and outward ion fluxes are the same, i.e., V NaE ϭ VNaI and VKE ϭ VKI, where V is the rate of Na and K efflux and influx in the absence of ouabain. This assumption is applicable for our study because the same conditions were used to measure the rates of isotope influx and efflux (17) . Based on the above assumption, V OSNaE and V OSKE were calculated as VOSNaE ϭ VNaI ϫ (ANat Ϫ ANao) ϫ A Nat Ϫ1 , and VOSKE ϭ VKI ϫ (ARbt Ϫ ARbo) ϫ ANat Ϫ1 , where A Nat, ARbt, ANao, and ARbo are the radioactivity of 22 Na (subscript Na) or 86 Rb (subscript "Rb") in the incubation medium after 15 min of incubation without (subscript "t") and with ouabain (subscript "o"), respectively. The values of the ouabain-resistant (subscript "OR") Na ϩ and K ϩ efflux were calculated as VORNaE ϭ VNaI ϫ ANao ϫ ANat Ϫ1 , and VORKE ϭ VKI ϫ ARbo ϫ ARbt Ϫ1 . All measurements of ion fluxes were done in triplicates. Isotopes and ouabain were purchased from Amersham (Mississauga, Ontario, Canada) and Sigma (St. Louis, MO), respectively. The remaining chemicals were obtained from Sigma, GIBCO-BRL (Life Technologies, Gaithersburg, MD) and Anachemia (Montreal, Quebec, Canada).
Statistical analysis. Repeated measures ANOVA followed by Dunnett in the SYSTAT 9 program (SPSS Sci., Chicago, IL) was used to compare the significance level for a difference or a lack of it in BP between a congenic strain and the S strain. To analyze ion flux data, means and standard errors were calculated and statistical significance was assessed by a Student's t-test for unpaired data. Fig. 1 , the regions homozygous for MNS in the congenic strains S.M5 and S.M6 are indicated by solid bars. The regions where the exact extent of the MNS replacements was uncertain are indicated by open bars on ends of the solid bars. The rest of Chr 2 and the rest of the genome are essentially SS homozygous in both S.M5 and S.M6 (data not shown). The microsatellite marker for Atp1a1 is located in the 5Ј-untranslated region of the gene (4, 5) . D2Mit14 located between Atp1a1 and D2Wox37 (5) is MM in S.M5 but SS in S.M6 (Fig. 1) . Additional markers surrounding Atp1a1 were also MM in S.M5 but SS in S.M6. They include D2Rat47, D2Got121, and Hsd3b (Fig. 1) .
RESULTS

Proof of the Atp1a1 allelic substitutions in a congenic strain. As shown in
BP measurements and comparisons. For the simplicity of presentation, only the averaged values of 24 h for the day when the pump activity was analyzed were included. For a more detailed presentation of BPs for the congenic strains, please see Ref. 8 . The mean arterial pressures (MAPs) for the strains are given to show the BP effect in a congenic strain. The variations in both systolic and diastolic pressures were the same (data not shown). MAPs were significantly lowered (P Ͻ 0.0001) in the S.M5 (n ϭ 5) and S.M6 (n ϭ 7) congenic strains compared with that of the S (n ϭ 9) strain.
Effect of salt diet on ion transport in erythrocytes from S. Neither the intracellular Na
ϩ nor K ϩ content measured in erythrocytes incubated for 3 h in medium B was different in rats fed on high-and low-salt diet (data not shown). Table 1 shows that none of the components of ion fluxes in erythrocytes from the S rats was affected by the salt diet. These negative results are consistent with previous data of other investigators (27) . Also in line with the work of Canessa and coworkers (2), a low-salt diet was used in the further studies on ion transports in erythrocytes from congenic rats.
Ouabain-sensitive ion fluxes in erythrocytes. The substitution of the Atp1a1 alleles of the S rat with those of the MNS rat in S.M5 did not affect the ouabain-sensitive K ϩ influx and ouabain-sensitive Na ϩ efflux, which were used as a measure of the baseline Na-K-ATPase activity (Fig. 2) . A comparison of the values of the ouabain-sensitive K ϩ influx and efflux (ϳ3,000 and 1,300 nmol per liter of cells per hour) shows that ϳ45% of the total ouabain-sensitive K ϩ fluxes was mediated by the K ϩ /K ϩ mode of operation of the Na/K pump. This mode of operation was not altered in S.M5 congenic rats.
In contrast to S.M5, the S.M6 strain has the same Atp1a1 alleles as those of S and was used as a control strain for S.M5. As predicted, neither the ouabainsensitive Na ϩ influx nor the ouabain-sensitive K ϩ influx and efflux were significantly altered in S.M6 compared with S rats (Fig. 2 ). An elevation of ouabain-sensitive Na ϩ efflux observed in S.M6 is probably caused by a slight increase in the intracellular Na ϩ content. This is evident from the studies by flame photometry (6.2 Ϯ 0.4, 6.2 Ϯ 0.3, and 8.1 Ϯ 0.5 mmol per liter of packed erythrocytes of S, S.M5, and S.M6, respectively). We did not see significant differences in the content of the intracellular potassium among these strains (data not shown).
Ouabain-resistant ion fluxes in erythrocytes. While measuring ion fluxes in the presence of the Na-KATPase inhibitor ouabain, we did not notice any differences between S.M5 and S rats (Fig. 3) . However, the rates of ouabain-resistant Na ϩ influx and efflux were both increased by 50-80% in S.M6 rats compared with S and S.M5 rats.
Na/K pump stoichiometry. Table 1 shows that the salt diet did not significantly affect the stoichiometry of the Na-K-ATPase in erythrocytes from the S rats. There were no significant differences in this parameter between S and congenic rats (Fig. 4) .
DISCUSSION
The results of our study contain two major findings concerning a potential role of Atp1a1 in hypertension. First, S.M6 carried same alleles as S, whereas S.M5 Table 1 22 Values are means Ϯ SE. All rats were males and were 14 wk of age at the time of measurement. V, ouabain-sensitive (subscript "OS") or ouabain-resistant ("OR") K ϩ or Na ϩ influx ("I") or efflux ("E"). has the MNS alleles, at Atp1a1. However, both S.M5 and S.M6 have similar BP-attenuating effects (Fig. 1) . Because of this Atp1a1-independent outcome, Atp1a1 itself is an unlikely candidate for the BP QTL. Second, replacing the Atp1a1 alleles of the S rats by those of the MNS rats did not affect the activity and stoichiometry of the ␣ 1 -Na-K-ATPase. These results indicate that either the ␣ 1 -Na-K-ATPase in S rats is not mutated or a mutation does not alter the pump function. A congenic strain containing a minimum flanking region around Atp1a1 would prove that there would be no BP effect.
. Comparison of the ion transport in erythrocytes from S rats kept on low-and high-salt diets
Although MNS rats per se were not directly analyzed for either BP or the pump activity, S.M6 served as an effective control because it contained a small segment from the MNS rat not including Atp1a1. If any gene from the MNS genome adjacent to, but excluding Atp1a1, affected the pump activity, then S.M6 should have provided the adequate information. S.M6 as a control is important in another respect. As S.M6 was derived from the same progenitor congenic strain S.M (8) as S.M5, any BP effects of the residual MNS background as well as potential position effects resulting from making the congenic strains had to be ruled out (3) . The MNS rat would not be a good control, because it differs greatly from S in the genome on the rest of the chromosomes and because it gives no information on the effects of genome changes during the congenic construction. If one could observe a difference in the ␣ 1 -Na-K-ATPase activity between MNS and S, then this difference could not be a test for the Atp1a1 gene alone. It could be due to many other genes from MNS modifying it such as the adducin gene (22) . Of course, if there were no differences, then the MNS genome other than Atp1a1 might be influencing the outcome.
The rates of ouabain-resistant Na ϩ influx and efflux mediated by ion transporters distinct from the Na-KATPase were both increased in S.M6 compared with S and S.M5 (Fig. 3) . As an explanation, an elevated ouabain-resistant Na ϩ flux could be considered as a mechanism for the increase in an intracellular Na ϩ content in S.M6, which in turn could lead to an augmented ouabain-sensitive Na ϩ efflux (Fig. 2) by a feedback activation of the Na-K-ATPase. Because the values of the ouabain-resistant K ϩ influx and efflux in congenic and S rats were the same, it appeared unlikely that the Na-K-Cl cotransporter and a nonselective monovalent ion leakage across the erythrocyte membrane contribute to the elevated ouabain-resistant Na ϩ fluxes in S.M6 rats. Because our experiments were conducted in the bicarbonate-free medium, the impact of NaCO 3 Ϫ /Cl Ϫ exchanger seemed also unlikely. One aspect is certain: this increase in the ouabainresistant Na ϩ fluxes in S.M6 is not due directly to the Atp1a1 gene, because S.M6 has the same Atp1a1 alleles as S.
The intriguing fact is that S.M6 has a shorter MNS chromosome segment than S.M5. When the nonoverlapping region was removed, which contained the Atp1a1 gene and was unique to S.M5, the rates of ouabain-resistant Na ϩ influx and efflux went up. It seemed that some gene(s) in this unique segment from the MNS rat actually modified the permeability of erythrocyte membranes to Na ϩ . This phenomenon might involve gene-gene interactions/modifications between the Atp1a1 alleles from the S rat and another unknown modifying gene(s) of the MNS rat. Alternatively, the unidentified residual MNS genetic background might be different between S.M5 and S.M6 and consequently might have influenced the Na-K-ATPase activity differently. In our genomic scan, we found 88 markers to be SS homozygous for both S.M5 and S.M6 strains (data not shown). Thus a new congenic strain by replacing the MNS Atp1a1 alleles with those of the S rat might have to be constructed to examine this Atp1a1-independent phenomenon.
It is noted that possible altered properties of the ␣ 1 -isoform of the Na/K pump of the S rat were based on two observations from the same research team, which showed decreased values of the ouabain-sensitive K ϩ influx in the Xenopus laevis oocytes transfected with RNAs from the S kidneys (13) and in the erythrocytes from the S rat compared with the R rat (2) . Because the values of the ouabain-sensitive Na ϩ influx were not altered, it was speculated that the stoichiometry of the ␣ 1 -isoform of the Na/K pump in the S rat could be 3Na ϩ :1K ϩ compared with a "normal" 3Na ϩ :2K ϩ ratio of this transporter in the R rat (14) . Nevertheless, the data obtained in our study indicated that the stoichiometry of the Na-K-ATPase was not affected by the substitution of the Atp1a1 alleles from the S rats by these of the MNS rats (Fig. 4) , despite a decrease in BP as the result of it. In addition, the values of stoichiometry in both congenic strains as well as in S rats were in the range from 1.4 to 2.0, which is closer to the 1.5 value of the "normal" ratio rather than to the 3.0 value predicted from the 3Na ϩ :1K ϩ stoichiometry. These observations are not consistent with the notion of a functional mutation in the ␣ 1 -Na-K-ATPase of the S rat.
Because both intracellular Na ϩ and extracellular phosphate affect the stoichiometry of the erythrocyte Na-K-ATPase (7), different conditions used in separate experiments could be a factor for the differing outcomes. Canessa and coworkers (2) measured a unidirectional 22 Na and 86 Rb influx and efflux. Afterwards, the total content of intracellular monovalent cations was used to calculate the specific intracellular activity of isotopes (2), which might not allow a precise measurement of the Na ϩ :K ϩ stoichiometry (see METHODS). Moreover, they used the phosphate-free medium and Na ϩ -loaded K ϩ -depleted cells to study the isotope efflux. In our studies, we used cells with physiologically low intracellular Na ϩ /K ϩ ratio, and the medium contained inorganic phosphate at the concentration corresponding to its level in rat plasma (2.5 mM). It is noteworthy that an addition of 2.5 mM ouabain led to an elevation of the Na ϩ influx by 2-5%, which resulted in the negative values of ouabain-sensitive component of Na ϩ influx used to evaluate the Na ϩ /Na ϩ mode of operation of the Na-K-ATPase (Table 1, Fig. 2) . Presumably, the addition of ouabain could activate other Na ϩ transport pathways via an interaction with the inactivated Na-K-ATPase. This hypothesis is supported by the recent data on the production of oxygen reactive species in ouabain-treated cardiac myocytes independently of the intracellular Na ϩ /K ϩ ratio (25) . However, the side effect of a high concentration of ouabain on Na ϩ transporters other than the Na-KATPase cannot be excluded. An inhibition of the ouabain-sensitive Na ϩ efflux extruding a small portion of the intracellular 22 Na could also lead to this phenomenon.
In conclusion, our data showed that neither the ␣ 1 -Na-K-ATPase activity nor its stoichiometry was affected by the substitution of the Atp1a1 alleles of S by those of MNS. Thus the BP-lowering effects observed in S.M5 and S.M6 could not be attributed to the ␣ Na-K-ATPase activity or its stoichiometry. Atp1a1 is not supported as a candidate to be a BP QTL.
